New measurements providing direct evidence linking the kink effect and impact ionization in InAlAs / InGaAs HEMTs are reported. Current kink models are not consistent with our findings. We propose a new mechanism, barrier-induced hoIe pile-up at the source, t o explain the kink. The new model is shown t o be consistent with both room temperature and low temperature measurements. These results allow formulation of a simple equivalent circuit model of the kink.
Introduction
InAlAs / InGaAs high electron mobility transistors (HEMTs) show significant promise for low-noise and highpower millimeter-wave applications. A significant anomaly in their behavior is the kink effect, a sudden rise in the drain current at a certain drain-to-source voltage that results in high drain conductance and reduced voltage gain. Conventional wisdom suggests that traps are responsible for the kink. Most theories incorporating traps suggest that high fields and/or impact-ionization-generated holes charge traps either in the buffer [1,2] or in the insulator [3] , leading t o a shift in the threshold voltage. Such a theory, while plausible, is of little predictive value because of the large number of variables involved. It is therefore important t o search for other physical origins of the kink that might be amenable to simple modeling in these devices.
Recent experiments have provided indirect evidence linking the kink and impact ionization [4] ; however, it remains unclear how the two phenomena are connected. Using a specially-designed sidegate structure, we have carried out extensive characterization of the kink effect in a double-heterostructure InAlAs / InGaAs HEMT. Our measurements provide direct evidence linking the kink with impact ionization, while at the same time clearly showing that impact ionization current alone is not responsible for the kink. Careful analysis leads us t o postulate a new mechanism of barrier-induced hole pile-up at the source t o explain the kink, and t o propose a simple equivalent circuit description of the phenomenon.
Experiment a1
A cross-section of the MBE-grown, double-heterostruc ture HEMT used in this study is presented in fig. 1 . The channel sheet carrier concentration is 3.5 x 10l2 cm-'. Fabrication consists of device isolation via a mesa etch with a sidewall recess, a PECVD SisN4 layer for liftoff assistance, Au/Ge ohmic contacts, a selective gate recess, and Pt/Ti/Au gates and interconnects. Devices with gate lengths between 0.6 pm and 2 pm were characterized. 
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with a prominent rise in I G , presumably due to hole collection by the gate. These facts unequivocally establish the connection between the kink and impact ionization.
Discussion and New Model
Pure impact ionization has been proposed as an explanation for excess output conductance in InAlAs/InGaAs HEMTs [7] . In this model, additional drain current originates from the impact ionization generated holes and electrons. Such an explanation of the kink is not consistent with our experiments. If impact ionization alone were responsible for the kink, the shape of the kink would closely track the shape of the sidegate current. However, as seen in fig. 3 , the kink saturates while the sidegate current grows strongly with VDS. Clearly some other effect must be at work.
The kink effect in SO1 MOSFETs is known to be a result of impact ionization generated holes flowing through the p-type buffer into the n+ source [SI. This hole current forward biases the buffer-source p-n junction, thereby providing additional drive to the transistor. While such an hypothesis may be appropriate in some HEMT designs [5,9], two facts make this explanation unlikely for current InAlAs/InGaAs HEMT designs. First, the presence of a significant valence band discontinuity (0.2 eV) between the channel and the buffer should confine most holes t o the narrow channel. In addition, the fact that the channel and the buffer are undoped makes a parasitic bipolar effect less plausible.
sible explanation for the kink, source resistance reduction [lo] . In this model, holes drift into the low field sourcegate region, where they diffuse and recombine. To maintain quasi-neutrality, the electron concentration must be increased, resulting in reduced source resistance. If this were the case, the excess current would be of the form (Fig. 6 ). This provides an extra gate drive, V k i n k , to the transistor. A simple first-order analysis of this hypothesis provides a number of key dependences in the behavior of the kink that can be tested. An additional drive on the gate results in increased current:
The kink voltage is to first order determined by the excess hole concentration at the barrier:
In the classical description of impact ionization, the ionization rate is proportional to the exponential of the inverse of the field in the high field region. The excess hole concentration at the barrier will be proportional to the impact ionization generation rate, so where B is a constant. Plugging (4) into (3) and (2), we obtain where A is another constant.
In examining (5), we note first that when the hole accumulation is large with respect to the pre-kink electron concentration, the exponential term dominates, so that at large VDS values,
Such a dependence is observed in our experiments, as shown in Fig. 7 .
The direct relationship between the sidegate current and impact ionization generation rate further implies that the kink should be predicted by the sidegate current. In particular, from (4) and (5), with C another constant. We observe this in fig. 8 . 
Equivalent Circuit Model
The understanding provided by this physical model allows us to build a simple equivalent circuit model description of the kink. A new model element needs to b e added in series with the intrinsic source of the F E T (Fig.  9 ) that represents the additional drive provided by the hole pile-up. This element is a voltage source that is controlled by VDS and I D . Only two parameters are required to fit completely the characteristics of the transistor (Fig.  10) . Although the form of this model is very similar to those used in SO1 MOSFETs, the physics at play are significantly different.
Conclusions
We have postulated a new physical model for the kink effect in InAlAs/InGaAs HEMTs. The kink arises from hole pile up at a potential barrier in the source of the device that brings about a reduction of the ohmic drop at the source. This results in extra gate drive t'o the transistor. Our findings have allowed us to formulate a simple equivalent model description of the kink effect in these devices.
